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We present properties of weakly decaying bottom baryons, 3^ and , using 4.2 fb ^ of data from pp collisions 
at y/s = 1.96 TeV, and recorded with the Collider Detector at Fermilab. We report the observation of the 
Q'^ through the decay chain — > J/tpQ~, where J/tp — > ix~ , f2~ — ► KK~ , and A — ► piT~. Significance 
of the observed signal is estimated to be 5.5 Gaussian standard deviations. The Q~ mass and lifetime are 
measured to be 6054.4 ± 6.8(stat.) ± 0.9(syst.) MeV/c^ and 1.131o;4q (stat.) ± 0.02(syst.) ps, respectively. In 
addition, the mass and lifetime of the E,^ baryon are measured to be 5790.9 it 2.6(stat.) it 0.8(syst.) MeV/c-^ 
and 1.56^Q'2g{stat.) it 0.02(syst.) ps, respectively. Under the assumption that the B.'^ and fl~ are produced 

with similar kinematic distributions as the A? baryon, we measure ^ / w!> i, .^^ /.^ . , ^ = 0.167^n nor (stat.) it 

o ^ ' a(AJ^)6(AJ^— • J/^ A) — U.U2oV / 

0.012(syst.) and '^^^"^t)^^"^^^! j/^") ^ = 0.045+q°}2 (stat.) it 0.004(syst.) for baryons produced with transverse 
momentum in the range of 6 — 20 GeV/c. 



1. Introduction 

Until recently, tests of quark model predictions of b- 
baryon spectroscopy have been limited to only 1] . 
With accumulation of large data sets from the Teva- 
tron, some of the other predicted baryons, 0, Q 

and Q have been observed and are in good agree- 
ment with the quark model predictions. 

In this paper, we report the observation of an addi- 
tional heavy baryon, the doubly-strange Sl^ (|ss6)), 
and the measurement of its mass, lifetime, and relative 
production rate compared to the A° production. Ob- 
servation of this baryon has been previously reported 
by the D0 Collaboration [5]. However, the analysis 
' presented here measures a mass of the fl^ significantly 
lower than Ref . Q . 

The measurements reported here are made using pp 
collisions at a center of mass energy of 1.96 TeV ac- 
quired by the Collider Detector at Fermilab (CDF II) 
and based on a data sample corresponding to an inte- 
grated luminosity of 4.2 fb~^. The fl^ candidates are 
reconstructed through the decay chain fJ^ — > J/ip , 
where J/ip — > ^'^ fjT , — > AK~, and A — s- p7r~. 
Charge conjugate modes are implied throughout this 
paper. Mass, lifetime, and production rate measure- 
ments are also reported for the , through the sim- 
ilar decay chain J/xJj'E.^, where J/^p — > 

— > Att", and A — s- pir^. The production rates of 
both the and fi^ are measured with respect to the 
A°, which is observed through the decay chain 
J/ip A, where J/ip —>■ i ^-i^d ^ ~* p-K^ . 

To build confidence in the analysis procedure, all 
the measurements made here are also performed on 
better known 6-hadron states B° -> J/t/j K* {892f , 
if* (892)0 ^ K+TT-; B° -> J/ipK^, tt+tt-; 
and AfJ — > J/i/j A, A — > p tt^ for comparison with other 
experiments. The i^*(892)° mode provides a large 
sample. The is reconstructed from tracks that are 



significantly displaced from the collision, similar to the 



final state tracks of the and fl^ 



The Ag, on the 



other hand, is a suitable reference state for relative 
production rate measurements, since it is the largest 
sample of reconstructed 6-baryons. 



2. Event Reconstruction 



We employ multi-stage kinematic fits of final state 
charged particle trajectories to infer intermediate and 
ultimate parent hadron decay vertices. Fig. [1] depicts 
this complex procedure for the f2r. The events are 
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Figure 1: An illustration (not to scale) of the — > 
J /til fl~ , J/i/) — > fj,~^ fj,~ , Q,~ AK~ , and A piT~ final 
state as seen in the view transverse to the beam direction. 
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recorded using the CDF di-muon trigger which is ded- 
icated to collecting J/-0 ^ A'^M" samples. 

The event reconstruction begins with a selection of 
well-measured J/il) M^/^^ candidates. This data 
sample provides approximately 2.9 x 10'' J/V' candi- 
dates, measured with an average mass resolution of 
- 20 MeV/c2. 

The K°^, if* (892)°, and A candidates are recon- 
structed from all tracks with pT > 0.4 GeV/c found in 
the CDF central outer tracker (COT), that are not as- 
sociated with muons in the J/tp reconstruction. Can- 
didate selection for these neutral states is based upon 
the mass calculated for each oppositely charged track 
pair, which is required to fall within ±30, ±20, and 
±9 MeV/c^ of the nominal mass for the K*{892f, 
K^, and A, respectively. Backgrounds to the K'^ and 
A are reduced by requiring the flight distance of the 
K'^ and A with respect to the primary vertex to be 
greater than 1.0 cm. Approximately 3.6 x 10^ A can- 
didates are found with with pt(A) > 2.0 GeV/c. 

Events containing a A candidate are searched for 
Att" or AK^ combinations consistent with the decay 
process Att~ or S7~ A K~ by assigning pion 

or kaon mass to the remaining tracks. A pt{K~) > 
1.0 GeV/c requirement is imposed for our sample, 
which reduces the combinatorial background by 60%, 
while reducing the signal predicted by our Monte 
Carlo simulation by 25%. In addition, the flight dis- 
tance of the A candidates with respect to the recon- 
structed decay vertex of the S"(r2^), and the flight 
distance from the primary vertex of the S~ and Jl" 
candidates is required to exceed 1.0 cm. Kinematic 
reflections are removed from the VL~ sample by requir- 
ing that the combinations consistent with S~ decay, 
when the candidate K~ track is assigned the mass 
of the 7r~. Any ambiguities for the proper track as- 
signments of the hadrons are resolved examining the 
P(x^) of the vertex fits. Shown in Fig. [2] are approx- 
imately 41 000 and 3500 il^ candidates found in 
this data sample. Att" or AK^ combinations within 
±9 and ±8 MeV/c^ of the nominal S~ and fi" masses 
are selected for 6-hadron reconstruction. Shown also 
are the signal and sideband regions (shaded) and the 
wrong-sign combinations (dashed histograms). 

Finally 6-hadron candidates are reconstructed by 
combining the K and hyperon candidates with the 
J/ip candidates which involves fitting the full four- 
track or five-track state with constraints appropri- 
ate for each decay topology and intermediate hadron 
state. Specifically, the muon pair mass is constrained 
to the nominal J/ip mass 1] and the neutral K or hy- 
peron candidate is constrained to originate from the 
J/ip decay vertex. In addition, the fits that include 
the charged hyperons constrain the A candidate tracks 
to the nominal A mass [l|, and the S~ and SI" can- 
didates to their respective nominal masses [l[. The 
SjJ" and mass resolutions obtained from simulated 
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Figure 2: The invariant mass distributions of (a) Att" 
combinations and (b) A K~ combinations in events con- 
taining J/ip candidates. Shaded areas indicate the sig- 
nal and sideband regions used for H~ and f2~ candidates. 
Wrong-sign combinations are also shown as dashed his- 
tograms. 



value that is comparable to the mass resolution ob- 
tained with the CDF II detector for other 6-hadrons 
with a J/tp meson in the final state 



3. Observation of the Decay 

The J/tp Q~ mass distribution with ct > 100 /im is 
shown in Fig. Elb) . The decay time (ct) requirement is 
imposed on all candidates in the mass measurements 
to reduce the prompt background to the 5-hadrons. 
The significance of the structure seen in the J/ip 
mass distribution is evaluated with a simultaneous fit 
to the mass and lifetime distributions which is max- 
imized for two different conditions. The first maxi- 
mization allows all parameters to vary in the fit. The 
second one fixes the signal fraction to 0.0. The value 
of ~2\nC obtained for the null hypothesis is higher 
than the value obtained for the fully varying fit by 
37.3 units. We interpret this as equivalent to a with 
three degrees of freedom, which has a probability of 
occurrence of 4.0 x 10~®, or a 5.5a fiuctuation. Fig.|3] 
shows sigma contours in — 21n£ of the J/^Q" mass 
and decay time simultaneous fit. We interpret the 
J/tp^l~ mass distributions shown in Fig. [3Kb) to be 
the observation of a weakly decaying resonance, with 
a width consistent with the detector resolution. We 



events are found to be approximately 12 MeV/c^, a treat this resonance as observation of the il^ baryon 
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Figure 3: The invariant mass of (a) J/ip H" and (b) 
J/tp il~ candidates with ct > 100 ^m. The projections 
of the unbinned mass fit are indicated by the dashed his- 
tograms. 



Figure 5: A comparison between the mass measurements 
and theoretical predictions. 
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Figure 4: Sigma contours in — 21n£ of the J/tpfl' mass 
and decay time simultaneous fit. 

through the decay process fl^ — > J/ipil~. 

4. and Property Measurements 

The mass distributions of the E!|j" and $7^ candi- 
dates are shown in Fig. [H along with fit projections. 
The results of these fits as well as those from the 3 ref- 
erence samples are listed in TableUl Systematic uncer- 
tainties for the and 17^ masses are largely driven 
by our mass measurements, and are estimated to 
be 0.8 and 0.9 MeV/c^, respectively. Fig.[5]shows our 
measurement of the and fl^ masses along with 
those from the D0 Collaboration and the theoretical 
predictions Q . Our il'^ mass result is consistent with 
the theoretical predictions and in disagreement with 



the D0 measurement [Ij. 

We measure 6-hadron lifetimes by a technique which 
is insensitive to the detailed lifetime characteristics of 
the background. This allows for the lifetime calcula- 
tion to be done on a relatively small sample, since a 
large number of events is not needed for background 
modeling. The data are binned in ct, and the num- 
ber of signal candidates in each ct bin is compared to 
the value that is expected for a particle with a given 
lifetime and measurement resolution. Fig. [6] shows 
and fi^ candidates in ct bins (solid histograms) 
and their fit value (dashed histograms) . The estimates 
of the systematic uncertainties are obtained from the 
B'^ lifetime measurements. The results of the fits for 
the lifetimes of the baryons and reference samples are 
hsted in TableUl 

Finally we present the measurements of the Sj^" and 
ri'^ production rates relative to the plentiful Aj], where 
we measure ratios of cross section times branching 
fractions. The acceptances and efficiencies of the three 
baryon states are obtained as a function of px from the 
detector simulation. We use the observed px distribu- 
tion of A° production to obtain the total efficiency 
for the Sjj" and il^ states. The yields of the baryons 
extracted from the lifetime fits are listed in Table [H 
along with our measurements of the and rel- 
ative production rates. The total relative systematic 
uncertainty on the production ratios and 7% for the 
and 9% for the . 
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Table I Measured 6-hadrons properties. 



Resonance 


Candidates 


Mass (MeV/c^) 


cr (/im) 


<t(au)b(a;;^j/v<a) 


B''(.//i6K*(892)") 


17-520 ± .30.5 


5279.2 ± 0.2 


453 ± 6 






!)i2i ± i()7 


5280.2 ± 0.2 


118 ± 7 




A? 


1934 ± 93 


5620.3 ±0.5 


472 ± 17 








5790.9 ±2.6 ±0.8 


468l?4 ± 0-06 


0-167i;',:o25 ±0.012 




16l« 


6054.4 ± 6.8 ± 0.9 


340^1^0 ± 0.04 
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Figure 6: The solid histograms represent the number of (a) 
Hjj" J/ip and (b) i\ J/tp Q~ candidates found in 
each ct bin. The dashed histogram is the fit value. 



5. Conclusions 

Using a 4.2 fb~^ data sample collected with the 
CDF II detector at the T(;vatron we have observed 
a signal of 16^4 fl^ candidates, with a significance 
equivalent to 5.5a. The mass, lifetime and relative 
production rates of the and are measured with 
the best level of precision to date. Three additional 
samples of B'^ and Aq have been used as reference 
samples for cross-checks and to motivate the system- 
atics estimation. The masses of these baryons are in 
good agreement with the theoretical predictions, while 
the mass is at odds with the previously reported 
measurement. More measurements are necessary to 
resolve this observed discrepancy. 
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